Beta-propiolactone (BPL) is commonly used as an inactivating reagent to produce viral vaccines. Although BPL has been described to chemically modify nucleic acids, its effect on viral proteins, potentially affecting viral infectivity, remains poorly studied. Here, a H3N2 strain of influenza virus was submitted to treatment with various BPL concentrations (2-1000 μM). Cell infectivity was progressively reduced and entirely abolished at 1 mM BPL. Virus fusion with endosome being a critical step in virus infection, we analyzed its ability to fuse with lipid membrane after BPL treatment. By monitoring calcein leakage from liposomes fusing with the virus, we measured a decrease of membrane fusion in a BPL dose-dependent manner that correlates with the loss of infectivity. These data were complemented with cryo transmission electron microscopy (cryoTEM) and cryo electron tomography (cryoET) studies of native and modified viruses. In addition, a decrease of leakage irrespective of BPL concentration was measured suggesting that the insertion of HA2 fusion peptide into the target membrane was inhibited even at low BPL concentrations. Interestingly, mass spectrometry revealed that HA2 and M1 matrix proteins had been modified. Furthermore, fusion activity was partially restored by the protonophore monensin as confirmed by cryoTEM and cryoET. Moreover, exposure to amantadine, an inhibitor of M2 channel, did not alter membrane fusion activity of 1 mM BPL treated virus. Taken together these results show that BPL treatment inhibits membrane fusion, likely by altering function of proteins involved in the fusion process, shedding new light on the effect of BPL on influenza virus.
Introduction
Infections with influenza viruses cause recurrent epidemics and global pandemics. Seasonal infection is estimated to cause between 250,000 and 500,000 deaths. Moreover, the 2009 pandemic was responsible for more than 250,000 deaths. In addition, these outbreaks have major economic consequences in terms of absenteeism, treatment and hospitalization costs. In the USA alone, this loss is estimated to be about $27 billion per year. The high capability of antigenic shift leads to the emergence of novel viruses, against which acquired immunity by previous influenza infection or vaccination is poorly efficient. Biotechnological improvements relying on genetic, structural, functional and chemical studies are required for the development of better viral treatments and more efficient vaccines to fight against present and future influenza virus variants.
The main targets of the influenza virus are epithelial cells of the respiratory tract. The outer surface of the virus [1] exposes the trimeric transmembrane glycoprotein hemagglutinin (HA) required for viral binding to sialic acid moieties on the surface of host cells [2] which initiates membrane fusion (for reviews, see [3] [4] [5] [6] ).
Each monomer of HA consists of two disulfide-linked subunits, HA1 and HA2. HA2 contains a transmembrane domain at its C-terminus side and at its N-terminus, the "fusion peptide," an amphiphilic stretch of amino acids which is buried in the HA stem at neutral pH [7] . HA1 monomers contain at the membrane-distal tip of the trimer, a receptor binding pocket composed of highly conserved amino acids (Tyr98, Ser136, Trp153 and His183) that bind sialic acid moieties via hydrophobic interactions or hydrogen bonds [2, 8] . Once the cell membrane and the virus have been closely juxtaposed by virus-receptor interaction, the complex is internalized by endocytosis through a clathrin dependent pathway. Upon acidification of the interior of the endosome, the viral HA undergoes irreversible conformational rearrangements involving extrusion of the fusion peptide from the HA stem [9] toward the target endosomal membrane [10] [11] [12] [13] , and transformation of the HA loop region into a large coiled coil domain [9] triggering apposition and fusion of viral and endosomal membranes [12, 14, 15] . As a consequence of viral interior acidification arising from H + transport through the M2 channel, the viral proteins and escape from endosome after the membrane merger. The vRNPs are then imported into the nucleus for transcription, translation and finally virus amplification [16, 17] . Currently, two forms of influenza vaccine are available for widespread distribution: inactivated vaccines and live-attenuated vaccines. Preparation of inactivated vaccines consists of several steps: (i) virus of a chosen subtype is propagated in embryonated chicken eggs, (ii) the virus is purified (iii), inactivated with formaldehyde or betapropiolactone (BPL), (iv) the inactivating reagents are removed and (v) the virus is split with detergent. To prepare the vaccine, various subtypes of influenza A (H3N2 and H1N1) as well as influenza B are then mixed to provide a broader range of protection against seasonal circulating viruses. Interestingly, the choice of virus inactivation procedure is then of great importance to effectively protect against infection. Indeed a recent report showed that whole inactivated influenza virus with beta-propiolactone (BPL) provided a better protection against different virus subtypes than split or formaldehyde-inactivated virus [18] .
BPL is widely used for the inactivation of infectious agents (bacteria, fungi, viruses) in many vaccine preparations as well as in disinfection, plasma sterilization and tissue transplants [19] [20] [21] [22] [23] . This very widespread industrial use of BPL contrasts somehow with the limited knowledge available on the molecular consequences of its action. BPL reacts with nucleophilic reagents (including nucleic acids and proteins) leading to alkylated and/or acylated products. BPL is very reactive with different chemical moieties of various biological molecule including proteins (mostly methionine, cysteine and histidine) and nucleic acids (mainly adenosine, cytidine and guanosine moieties of the vRNA) [24] [25] [26] . BPL alters the capability of DNA to be used as template by polymerase [22] . From literature, the effect of BPL is dose and specimen -dependent. In the presence of 2 mM BPL infectivity of plasmid pUC18 is reduced while no effect was observed at 250 μM BPL [22] . At 250 μM, BPL drastically inhibits the infectious activity of phage M13 [22] . BPL seems to be more effective in inactivating enveloped viruses than non-enveloped viruses [23] . Interestingly, BPL use appears also suitable to obtain a specific immunity against respiratory syncytial virus and H5N1 virus [18, 27] . BPL treatment then mediates a loss of infectivity while maintaining antigenicity. This effect has been obtained for high BPL doses more than several millimolars. These results are promising for the use of BPL in vaccine preparation. However regarding WHO and European Pharmacopoeia recommendations, a better fine-tuning of BPL doses is required for industrial vaccine production processes to assure viral inactivation.
There is a limited understanding of the relation between molecular modification and loss of infectious titer as well as the capacity of BPL to modify proteins. That limits the BPL use for preparing safe vaccines. This lack of knowledge is likely at the origin of "over inactivation" and inappropriate reaction.
In the present work, we aimed at establishing the effects of viral BPL treatment at a molecular level and thus to close this existing gap of knowledge and to study in particular the effect of this inactivating agent on viral proteins. Virus samples of the H3N2 strain were submitted to various doses of BPL. This strain is part of the seasonal influenza virus produced at industrial scale. In addition, the BPL inactivation procedure employed in this study is identical to that used to produce the commercial vaccine. The infectivity of BPL-treated virus was found to be reduced in a BPL dose-dependent manner. By combining fluorescence spectroscopy, mass spectrometry, cryo transmission electron microscopy (cryoTEM), and cryo electron tomography (cryoET), we observed that BPL-treated viruses had lost their capacity to fuse with liposomes in dose dependent manner.
Materials and methods

Chemical products
Egg phosphatidylcholine, N-(lissamine rhodamine B sulfonyl)-phosphatidylethanolamine (N-Rh-PE) N-(7-nitro-2,1,3-benzoxadiazol-4-yl)-phosphatidylethanolamine (N-NBD-PE) and GM3 gangliosides were purchased from Avanti Polar Lipids Inc. (Alabaster, Al), monensin from Calbiochem, cholesterol, Porcine trypsin, and amantadine from Sigma-Aldrich (St Louis, MO).
Ultrapure water with a nominal resistance of 18 mΩ cm (Milli-Q, Millipore) was used for all buffers and solutions. All other chemicals were purchased of the highest purity available from Sigma-Aldrich.
Liposome preparation
Multilamellar vesicles (MLV) were produced by resuspension of dry lipid films of egg phosphatidylcholine, cholesterol, ganglioside GM3 at a molar ration of 8:1:1 in a buffer A (150 mM NaCl, 5 mM HEPES pH 7.4, 1 mM EGTA). The MLV suspension was then quickly frozen in liquid nitrogen and thawed (water at 37°C) five times. MLV suspension was then forced through 0.1 μm defined pore polycarbonate filters (Whatmann) using a manual extruder (Avanti Polar lipids) to form large unilamellar vesicles. Phospholipid phosphate concentration was determined according to Böttcher et al. [28] .
Influenza virus preparation and BPL inactivation
An egg-grown influenza virus preparation (A/Victoria/210/2009 -H3N2) was obtained from clarified allantoic fluid and purified on a sucrose gradient. All virus work was carried out at 4°C. Viral preparations were dialyzed over night into phosphate buffer saline (PBS) at pH7.5 and protein concentrations determined using Bradford protein reagent (BioRad) was adjusted to 2 mg/mL. Four viral preparations were inactivated using different BPL concentrations [22, 23, 29, 30] . In brief, sodium phosphate at a final concentration of 100 mM was added to prevent pH changes that occur with the addition of the desired (2, 20, 250 and, 1000 μM) BPL concentration. Samples were incubated with gentle stirring overnight at 4°C. Preparations were then again dialyzed 24 hours against PBS at 4°C. The viral protein concentration was again determined prior to conducting further experiments. Samples were stored at 4°C with 0.01% (w/v) sodium azide and used within two months.
TCID 50 assay
MDCK cells were seeded in 96 well plates at a density of 3.75 × 10 4 cells/well in DMEM (Gibco®) supplemented with 1 μg/mL porcine trypsin. Cells were infected with 50 μL of tenfold serial dilutions of virus and incubated for 4 days, at 37°C. Supernatants from these cultures were then tested in a hemagglutination assay. TCID 50 titers were calculated according to the method of Spearman-Karber [31] .
Hemagglutination assay
The HA hemagglutination assay was performed by serially diluting 50 μL of culture supernatants 2-fold with PBS in V-bottom plates. Subsequently, 50 μL of 0.5% chicken red blood cells (Sanofi Pasteur, Alba-la-Romaine, France) were added to each well. The plates were incubated for 1 h at 4°C and the hemagglutination or the absence of hemagglutination was determined visually for each well.
SDS-PAGE and mass spectrometry analysis
1 mM BPL-treated virus (15 μg proteins) were deglycosylated with PNGase F, denatured in XT sample buffer (Bio-Rad) under reducing conditions, and separated on a Criterion XT 4-12% Bis-Tris gel (BioRad) in MOPS-XT buffer. The gel was fixed in 50% (v/v) methanol, 7% (v/v) acetic acid for 30 min and stained using GelCode. The gel was rinsed in distilled water. Excised gel bands of interest were washed alternatively with 50 mM ammonium bicarbonate pH 8.0 and acetonitrile. Proteins were then reduced with 10 mM DTT, alkylated with 55 mM iodoacetamide and then digested overnight with trypsin (Promega, USA) at 0.01mg/ml diluted in ammonium bicarbonate 25mM buffer. Digestion was not stopped by 0.1% TFA. Samples were then deposited on a matrix layer of α-cyano-4-hydroxycinnamic acid (HCCA) saturated solution in 50% acetonitrile and 0.1% TFA. Analyses were performed on an Ultraflextrem MALDI-TOF-TOF mass spectrometer in reflectron positive mode (Bruker Daltonics, Billerica, MA). External calibration was done using peptide calibrants (Bruker Daltonics, reference 222570). Mass spectra were acquired using sets of instrument parameters over the m/z 300 to 5000. MS/MS analysis was performed on peptides of interest. Spectra analysis was performed with FlexAnalysis and Biotools softwares.
Membrane fusion measurements
Membrane fusion between virus and labeled liposomes was performed with a Förster Resonance Energy Transfer (FRET) assay [32] . Labeled liposomes, prepared as described above, from a lipid film containing 0.6 mol% each of N-Rh-PE and N-NBD-PE. Fusion was measured at room temperature in buffer B (135 mM NaCl, 15 mM sodium citrate, 10 mM MES, 5 mM HEPES, 1 mM EGTA at pH 5.1) at excitation and emission wavelengths of 465 and 530 nm, respectively. For calibration of the fluorescence scale, the initial residual fluorescence intensity was set to zero and the intensity at infinite probe solution 100%. The latter value was obtained after lysis of the liposomes with Triton X-100 (0.5% v/v) with correction for the quenching of NBD by Triton X-100 [33] . Concentrations for liposome and virus correspond to their lipid concentrations which were 2.5 μM and 5 μM respectively and calculated as follows. For liposome, lipid concentration was estimated from phosphorus determination as detailed in liposome preparation section. For virus, lipid concentration was estimated from the Bradford determination using the lipid to protein ratio equal to 0.5 and a lipid MW of 800 Da. Membrane fusion kinetics in the presence of amantadine and monensin were monitored at 37°C [34, 35] . Before measurement, virus was incubated at room temperature for 30 min with either 1 μM of monensin (final concentration) 10, and 50 μg/mL of amantadine (final concentration). Because conformational changes of HA are faster at 37°C than at room temperature, liposomes and virus concentrations were 7.5 μM and 15 μM respectively. For cryoTEM observations of the "monensin experiments," viruses and liposomes were incubated 3 minutes at 37°C at pH 5.1 before vitrification.
Leakage measurements
Calcein encapsulating liposomes were prepared as described previously [12] . Briefly, calcein was entrapped into liposomes by hydrating the dry lipid film in isotonic buffer containing 75 mM calcein. After extrusion as described above, free dye was removed by molecular sieve chromatography on Sephadex G75 with buffer A. An increase in calcein fluorescence by dilution of self-quenched fluorescent dye due to fusion or direct leakage from liposomes was assessed by monitoring calcein fluorescence at 515 nm with excitation at 485 nm on a PerkinElmer LS55 spectrofluorimeter. These measurements were carried out at room temperature in buffer B. Data were normalized by setting initial fluorescence intensity of calcein-loaded liposomes to zero and the intensity of full dequenched calcein (obtained after lysis of LUV with triton X100-0.5% v/v) to 100. Liposomes and virus concentrations were respectively 2.5 μM and 5 μM.
CryoTEM and CryoET
A 5 μL sample was deposited onto a lacey carbon cupper grid (Ted pella) placed in the automated device for plunge-freezing (EM GP Leica) enabling a perfect control of temperature and relative humidity for experiment performed at 25 or 37°C respectively. The excess of sample was blotted with filter paper and the grid was plunged into a liquid ethane bath cooled and maintained at −183°C with liquid nitrogen. Specimens were maintained at a temperature of approximately −170°C, using a cryo holder (Gatan, CA, USA) and observed with a FEI Tecnai F20 electron microscope operating at 200 kV and at a nominal magnification of 29,000× under low-dose conditions. Images were recorded with a 2 k × 2 k USC 1000 slow-scan CCD camera (Gatan).
For cryoET, tilt-series were collected automatically on FEI Tecnai F20 from −60°to +60°with 1°angular increment at a nominal 8 μm defocus using the UCSF tomography software [36] . Images were recorded on CCD camera with a 3.7 Å pixel size at the specimen level. Alignments of tilt series binned by a factor of two were performed with the IMOD software [37] using 10 nm colloidal gold particles as fiducial markers. Tomographic reconstructions were calculated by weighted back-projection using Priism/IVE package [38] . Final voxel size was 7.4 Å. Semi-automatic segmentation of Fig. 3C was carried out by applying one cycle of median 6 × 6 × 6 filter, a background subtract, and a threshold according to the Otsu scheme using ImageJ (Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA, http://rsb.info.nih.gov/ij/, 1997-2009). Tomogram rendering was calculated with the UCSF Chimera package from Resource for Biocomputing, Visualization, and Informatics at the University of California, San Francisco (supported by NIH P41 RR001081) [39] .
Results
BPL treatment reduced irreversibly viral infectivity on host cells
The infectivity of viral samples previously treated with different concentrations (2, 20, 250 or 1,000 μM) of BPL was measured in cell culture (Fig. 1 ). Viruses treated with 2 μM BPL lost about 50% of their cell infectivity compared to native virus. With higher doses (10-and 125-fold), viruses lost their infectivity almost completely and treatment with 1 mM BPL caused complete suppression of infectivity. The ID50 (effective BPL dose) was estimated at 3 μM in a 95% confidence limit. Moreover, a comparable loss of infectivity was measured for inactivated viruses stored at 4°C for two and seven months after inactivation indicating that the BPL effect was irreversible over this period of time (data not shown). In addition H1N1 influenza virus (A/Brisbane/59/ 2007 genotype) submitted to the same doses of BPL exhibited a similar loss of infectivity as the H3N2 virus suggesting comparable sensitivities of different viral strains to BPL treatment (Fig. S1 ).
Viral membrane fusion inhibited by BPL treatment
A crucial step in the infection process is membrane fusion with endosome. We studied the membrane fusion activity of various BPLtreated viruses with liposomes at low pH using a FRET assay according to a well established protocol [40] . Results of treated and native viruses are presented in Fig. 2A . For native virus, membrane fusion activity was found to level off after approximately 12 minutes corresponding to about 45% increase in fluorescence. This level of FRET was in good agreement with results previously obtained on comparable H3N2 strain [12] . The membrane fusion activity decreased steadily with increasing BPL concentration. Both the final level and the initial rate of fusion were lowered suggesting that the number of fusion events is reduced and also that the fusion mechanism is impaired by BPL treatment. Although BPL treatment did not totally inhibit the membrane fusion activity even at the highest doses, the FRET experiments showed that this inhibition is a BPL dose-dependent process suggesting that one or more proteins involved in this mechanism have their functions altered by BPL.
Effect of BPL treatment on calcein leakage
HA protein is involved at different levels of the membrane fusion process. The N-terminal fusion peptide of the HA2 subunit undergoes a conformational change triggered by the pH decrease leading to its insertion into the target membrane [10] [11] [12] 41] . This process was monitored by spectrofluorometric measurement of calcein escape, a small negatively charged fluorescent molecule entrapped in liposomes and self-quenched at high concentration. Its leakage from the internal volume of liposomes was induced by the penetration of viral fusion peptide within the target lipid membrane [42, 43] . Fusion peptides perturbing locally the target membrane triggered calcein release from liposomes leading to a strong increase of fluorescence [12] . Native and BPL-treated viruses were incubated at pH5.1 with liposomes containing entrapped calcein (Fig. 2B ). Native and BPL-treated viruses exhibited high calcein leakage activity. Calcein escape was massive for native virus (close to 62%) and in a range of 35% to 45% for all BPL-treated virus (100% corresponding to full dequenched calcein). Calcein leakage was significantly reduced for BPL-treated virus compared to native virus. Following treatment with 2 μM BPL, a leakage of 37% was measured, revealing that the process efficiency was already slowed down at low BPL treatment. For treatments with higher BPL concentrations, we observed that the decrease of molecule leakage was not related to BPL doses, unlike the membrane fusion process. These results suggest that BPL treatment leads to the inactivation of some HA proteins whereas others remain functional. The similarities of the initial kinetic rates suggest that the number of functional HA proteins is not a ratelimiting parameter at the beginning whereas the early onset of the fluorescence leveling off may represent the lack of functional HA species.
Membrane fusion of native and BPL-treated viruses with liposomes observed by cryoTEM and cryoET
At pH 7.4, the overall aspects of BPL-treated and native viruses are very similar. BPL-treated or native viruses were observed in contact with liposomes containing GM3 gangliosides (Fig. S2) . At low pH, cryoTEM revealed that the surface of native viruses was fuzzy showing that HA glycoproteins have lost their well defined shape (compared to the rod shape at the neutral pH condition) due to their low pH conformational changes (Fig. 3) . Moreover, a large number of liposomes appeared to be in close contact with viruses ( Fig. 3A-B) . Depending on their deformation at the viral surface, we classified liposomes into three different groups, named intact liposomes (I), liposomes exhibiting a peculiar funnel-like shape (II) and virus-fused liposomes (III) (Fig. 3B) . Using cryoET, we were able to get further structural information of liposome groups I and II (Fig. 3C-G) . On three extracted Z-slices from the tomogram, enabling the visualization of upper, equatorial and lower part of viruses, liposomes I appeared in close interaction with glycoproteins, while maintaining their spherical shape and membrane continuity (Fig. 3C) . Unlike liposomes of group I, the lipid membrane of group II liposomes was disrupted at the contact zone with the virus (arrow Fig. 3C ) and formed a 12 nm hole as shown in Fig. 3C (arrow) . The zone of this membrane hole interacted with protein densities of the virus which corresponds to a typical fusion intermediate step named "protein pore" according to Lee [15] . Liposomes of group III revealed glycoproteins at the surface of liposomes covering partially the membrane surface, strongly suggesting that such complex structure Dequenching of fluorescent probes due to calcein leakage arising from HA fusion peptide insertion in target membrane was measured for various BPL doses at pH 5.1 and room temperature. a, b, c, d and e correspond to 0, 2, 20, 250 and 1.000 μM BPL treated virus respectively. As control experiment, native virus incubated with GM3 liposomes at pH 7.4 is presented in f. C) Infectivity versus Initial rate of membrane fusion for the BPL treatment conditions. A linear regression could be fitted within the range of 0 to 250 μM BPL corresponding to 'a' to 'd' in A). 1,000 μM BPL condition ('e' in A)) was excluded from the linear regression.
arose from a complete virus-liposome fusion event. Taken together, cryoTEM images revealed virus-liposome complexes trapped in the early, intermediate and late steps of the viral membrane fusion process.
BPL-treated viruses were observed under the same conditions to assess structural alterations caused by BPL treatment. The same liposome classification was carried out (see Table S2 for liposome distribution) and the most advanced events of viral membrane fusion process were presented in Fig. 5 . Viral samples treated with 2 μM BPL interacted with liposomes leading to complete fusion events i.e. liposome (III) (Fig. 4A) .
At elevated BPL concentrations the cryoTEM analyses revealed that deformed liposomes (II) were still present. No complete fusion event was encountered, which contrasts somehow the above reported FRET measurements, in which clearly residual fusion events were observed at the same BPL concentration. It may be hypothesized that this level of membrane fusion events seems too low for their observations by cryoTEM and may be a potential cause for these differences. These cryoTEM observations were thus indicative of the efficiency of membrane fusion process and were in good agreement with FRET measurements. All together these results provided evidence that BPL treatment impaired virus fusion in a dose dependent manner (Fig. 4B-D) . We have observed that the function of HA molecules is altered. According to leakage measurements, BPL treatment has an effect on HA molecules by preventing the fusion peptide insertion. But all HA molecules are not concerned by this preclusion. Some HA molecules remained fully functional irrespectively to BPL doses. Thus, the dosedependent inhibition of membrane fusion should involve another protein than HA. But also, this finding raises the question of whether the membrane inhibition is related to protein modifications.
BPL treatment modified viral assembled proteins
In order to evaluate whether BPL reacts with virus-assembled proteins, mass spectrometry (MS) has been used to monitor protein modification following treatment with 1 mM BPL. After deglycosylation and SDS-PAGE electrophoresis, proteins were submitted to trypsine digestion followed by MALDI-TOF mass spectrometry. Three peptides have been unambiguously identified from HA2 subunit and M1 matrix proteins (Table 1) . One molecule of BPL reacted with Lys68 and Lys143 for HA2 subunit and with Glu152, Asp156 or His159 for M1 matrix protein. Interestingly, the targeted Lys68 of HA2 is located within a loop of HA stem core at neutral pH. At low pH this loop adopts a helical structure triggering the exposure of fusion peptide at the coiled coil top [9] . This conformational change might be affected by this BPL modification. For HA1 and vRNP, peptide modifications were not observed. Because MALDI-TOF is not a quantitative method, it is difficult to conclude whether these two proteins remain intact. We have not been able to analyze Neuraminidase and M2 protonophore due to a low number of copies present in the virus. These MS results demonstrated that BPL reacted with viral assembled proteins suggesting that this membrane inhibition would be due to functional blocking of some proteins because of their chemical modification. Inactivation of HA could be caused by the modification of amino acids (Lys68 and 143) of HA2. Membrane fusion being a multistep process involving several proteins, we further explored how the acidification process and M1 dissociation is disturbed by BPL.
Membrane fusion of native and BPL-treated viruses with liposomes enhanced by addition of monensin
The increase of H + concentration causes irreversible conformational changes of HA, a prelude to the formation of fusion pore and membrane fusion. Concomitantly, the acidification of the interior of the virus is required for triggering M1-vRNPs dissociation that might facilitate membrane fusion [16, 17] . The M2 protonophore is responsible for this H + internalization. Monensin is a polyether antibiotic that acts as a Na + /H + ionophore by forming stable complexes with monovalent cations, able to enhance membrane fusion at 37°C [34, 35] . Virus suspension was incubated with 1 μM monensin for 15 minutes at pH 7 and mixed with liposome suspension at pH 5.1, the FRET kinetics being recorded at 37°C (Fig. 5A ). In the presence of monensin, native virus exhibited a more efficient membrane fusion activity compared to control measurement (Fig. 5A) . Initial rates were significantly increased and the fluorescence intensity at the final level was enhanced (from 40% to 53%). These results were in perfect agreement with data reported previously [34, 35] . Monensin had a similar effect on virus treated with 1 mM BPL. Membrane fusion activity was superior both in term of intensity and initial rate (Fig. 5A) . Monensin enabled the restoration of membrane fusion activity of BPL-treated virus that is dependent on the level of proton influx controlled by M2 channel. Of note, the fusion activity for BPL-treated virus in the presence of monensin did not reach a level comparable to those measured with native virus since BPL also inhibited by the fusion peptide insertion into the target membrane.
CryoTEM of BPL-treated viruses incubated with monensin were carried out under similar conditions (Fig. 5B) . Several complete membrane fusion events (liposomes (III)) were encountered and fully confirmed FRET data that monensin has restored the membrane fusion activity of BPL-treated virus. These events resembled those observed with native virus at the same temperature (data not shown). To get further structural details on these fusion events, cryoET was performed on a liposome (III) (Fig. 5C) . As a proof of a product of fusion between a virus and a liposome, this liposome (III) contained an internal vesicle genuinely present before virus fusion (Fig. 5C, D) . Sequential Z-slices extracted from tomogram, revealed glycoprotein densities distributed unevenly at the surface of the lipid membrane in good concordance with previous observation [44] . These glycoproteins exhibited globular mass linked to the membrane through a thin tail, likely corresponding to HA [45] . The matrix formed a dense structure detached from lipid membrane. As previously observed with filamentous virus [45] , the M1 matrix proteins form a compact structure and are not disassembled into individual molecules after fusion. Although it was difficult to identify vRNPs as coiled structures [46] , there were small features at the vicinity of the matrix that might correspond to vRNP (shown by white arrow in Fig. 5C ). Monensin experiments suggested that the acidification process of the viral internal compartment was still a parameter of importance for membrane fusion even after BPL treatment. We used amantadine which blocks proton transport through the channel formed by M2 tetramer slowing down membrane fusion activity [34, [47] [48] [49] . Native and BPL-treated viruses were incubated with increasing amantadine concentrations (10, 50 μg/mL) and FRET assays were performed at pH 5.1 (Fig. 6A) . Increasing amantadine concentration progressively inhibited the membrane fusion activity of native virus. For 1 mM BPLtreated virus, the fusion activity was lower than those of native virus treated with amantadine. In addition, incubations of BPL-treated virus with 10 and 50 μg/mL amantadine had no noticeable effect on membrane fusion activity. Addition of amantadine does not reinforce inhibition caused by BPL treatment indicating that M2 channel of BPLtreated virus is not inhibited by amantadine at these concentrations.
Discussion
Although employed to manufacture many millions of vaccine dosed annually virus inactivation using BPL treatment remains a poorly understood process. BPL was found to react with nucleophilic groups (such as primary or secondary amines) of nucleic acids leading to virus inactivation [19] [20] [21] [22] [23] . Molecular studies are required to determine precisely the molecular and structural consequences of BPL action which is an essential prerequisite to rationally optimize industrial scale vaccine production processes.
A major finding of our work consists in the demonstration that viral membrane fusion is altered after BPL treatment. Over a large concentration range from 2 μM to 1 mM BPL, this inhibition is dosedependent. However the membrane fusion process is not completely abolished even at 1 mM BPL in good concordance with recent observations on H5N1 virus samples inactivated with BPL [18] .
The observed decreases of virus infectivity and membrane fusion activity are both BPL dose dependent. FRET experiments show that the initial rate of membrane fusion decreases with the increase of BPL dose. On the plot of virus infectivity against the fusion initial rate, a linear regression function was observed between infectivity and initial rate for BPL doses up to 250 μM (Fig. 2C ). This direct correlation suggests that at these BPL concentrations (from 2 to 250 μM), loss of infectivity is strictly dependent on membrane fusion inhibition. This analysis reveals that BPL concentrations superior to 250 μM BPL are sufficient for viral inactivation. This also could reflect that virus accessibility for BPL molecules is related to a diffusion gradient across the viral membrane. High BPL concentrations would be required to reach the most buried parts of the virus such as vRNPs. Differences in BPL diffusion within the virus may in part explain the differences reported in the literature concerning the BPL doses required for viral inactivation [22, 23] . BPL efficiency may also depend on the corresponding alterations of the viral structures. Our MS data show that among investigated proteins (i.e. HA, M1, vRNP) relatively few amino acids were modified. Even though BPL is reported very reactive on isolated residues [26] , the reaction of BPL on whole virus seems much more limited. In the whole virus, proteins are folded into quaternary structures with post-translational modifications such as glycosylation that may restrain the reaction of their nucleophilic groups with BPL. Interestingly, our mass spectrometric analysis reveals that the extent of BPL protein modification of deglycosylated virus is superior to that of glycosylated viruses suggesting a protective role of protein glycosylation (Table S1 ). Our data also indicate that BPL could also alter the activity of viral proteins. In terms of virus infectivity, NA (neuraminidase) can yet be excluded from these potential candidates involved in BPL-inactivation mechanism. Indeed, NA is essential for virus budding at the end of the replication process in the host cell but not during the first step of influenza virus infection [8] .
The HA1 domain exposes a binding domain to sialic acid while HA2 subunit contains the fusion peptide and undergoes conformational changes triggering membrane fusion. Our MS results showed that HA2 domain was modified by BPL treatment. A modification was depicted on Lys68 of HA2 belonging to a loop which is structured into α helix at low pH to lengthen the coiled coil, the post fusion structure proposed by Bullough et al. [9] . The reduction of calcein release could be also explained by the modification of HA2. This modification prevents the conformational change and subsequently the insertion of fusion peptide in target membrane [12] . Moreover, calcein leakage experiments indicate that native and BPL-treated viruses have similar initial rates suggesting that for HA remaining active, the mechanism triggering the peptide insertion in the target membrane is not modified. Altogether, these results suggest that a low BPL dose was enough for inactivating fusion peptide of HA2. Surprisingly this inactivation did not affect all HA2 proteins since this inhibition is not dose dependent and large amount of HA2 proteins remains active even at higher BPL doses (albeit this amount cannot be determined by fluorescence). Although we do not have clear explanation, it is worth noting that Lys residue can be modified by BPL according to an alkylation or an acylation reaction [26] . The consequence is that acylation of Lys residues results in a neutral moiety at low pH while alkylation results in a cationic secondary amine and an anionic carboxylate. It is not excluded that this difference in Lys modification could lead to two populations of modified HA, having either a full active or an inactive fusion peptide.
In addition to the effect on HA2, there is evidence that BPL treatment affects other proteins involved in the process of membrane fusion. Our MS results showed that M1 matrix was modified by BPL on several amino acids located in the N-terminal domain of the matrix protein. M1 consists of two N-and C-terminal domains which are both involved in the oligomerization of M1. This oligomerization is pH sensitive and is controlled by N-terminal domain which forms oligomer at pH 7.4 and dissociates into monomer at pH 5 [50] . On contrary, C-terminal domain exists as stable dimer which contributes to M1 dimerization. As the BPL modification is located within the pH-sensitive N-terminal domain, it cannot be excluded that this modification could perturb M1 dissociation at low pH, impairing membrane fusion. Amantadine experiments revealed that membrane fusion of BPL-treated virus was not inhibited by amantadine unlike untreated virus (Fig. 6A) . Possible explanations could be that amantadine has less affinity for M2 channel after BPLtreatment, or H + transport has been modified. M2 channel seems also to be affected by BPL treatment. As suggested for vRNP inactivation, the BPL dose effect of membrane fusion activity is probably related to the BPL accessibility suggesting that increasing the dose would modify the most buried proteins. So the measured inhibition of membrane fusion would probably arise from a cumulative inhibition on several proteins rather than on a unique protein. Further MS experiments (i.e. LC-ESI-MS) purposely designed to study M1 and M2 proteins are needed.
Conclusion
In the present study, we showed that viral membrane fusion is altered after BPL treatment. BPL treatment affects the function of HA by preventing the insertion of its fusion peptide into target membrane, unveiling in more details the action of BPL (Fig. 6B) . It is likely that an additional vRNPs inactivation could provide a cumulative effect allowing the complete abolishment of virus infectivity measured on MDCK cells at high BPL doses. Further experiments are required to study BPL effects on the other components of virus such as the other proteins and vRNPs for a complete understanding of the BPL chemical mechanism of virus inactivation.
